Abstract. The aryl hydrocarbon receptor (AhR) is a liganddependent transcription factor whose activity is modulated by xenobiotics and physiological ligands. Activation of the AhR by environmental xenobiotics may induce a conformational change in AhR and has been implicated in a variety of cellular processes, including inflammation and tumorigenesis. It is unknown whether the activation of AhR serves a role in modulating the progression of osteosarcoma. The osteosarcoma cell line MG-63, was treated with AhR ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). TCDD treatment degrades AhR expression through activation of the AhR signaling pathway, however there were no survival differences observed in MG-63 cells. There were concomitant elevations of cyclooxygenase-2 and receptor activator of nuclear factor-κB ligand secretion from MG-63 cells upon TCDD treatment on a protein and mRNA level at 24 and 72 h. In addition, TCDD treatment also increases the production of prostaglandin E2 on MG-63 cells, and induces the expression of chemokine receptor CXCR4. However, CXCL12 production was not altered in MG-63 cells when stimulated with TCDD. The AhR antagonist CH-223191, blocks the effects on TCDD-induced RANKL, COX-2, PGE2 and CXCR4 changes. In conclusion, these findings suggest that AhR signal therapy should be further explored as a therapeutic option for the treatment of osteosarcoma.
Introduction
Bone homeostasis is maintained by a balance between bone resorption by osteoclasts and bone formation by osteoblasts (1).
Osteoblasts not only play a central role in bone formation by synthesizing multiple bone matrix proteins, but also regulate osteoclast maturation by soluble factors like receptor activator of nuclear factor-κB ligand (RANKL) (2) and cognate interaction, resulting in bone resorption (3) . The chemokine CXCL12 and its receptor CXCR4 play a key role in regulating hematopoietic stem cells and cell migratory function during morphogenesis (4) . Osteoblasts express both the CXCL12 ligand and the CXCR4 receptor, provide regulatory feedback, and play a multifunctional role in regulating bone formation and resorption (5) .
Recent evidence has shown that the ambient air pollution may be associated with increased bone turnover rate in children (6) . High levels of osteocalcin, an osteoblast-specific gene expressed by fully differentiated osteoblasts (7) , have been associated with long-term exposure to ambient air pollution (6) . Among the pollutants, 2,3,7,8-tetrachlorodi-benzo-p-dioxin (TCDD) are by-products in the manufacturing of chlorophenols and chlorophenoxy herbicides and in other common processes such as combustions of fossil fuel. Evidence indicates that TCDD may promote liver and skin tumor formation through the inhibition of tumor senescence (8) .
The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor whose activity is modulated by xenobiotics and physiological ligands (9) . Ligand binding induces a conformational change in AhR, thereby exposing a nuclear translocation site leading to pathologic effects in both animals and humans (10) . As a ligand to AHR, TCDD elicits toxicities through AhR (11) and on TCDD exposure, the activated AhR translocates to the nucleus, is dimerized by the Ah receptor nuclear translocator, and binds to dioxin response elements (DRE) in the genome (12) . Studies on conditional AHR deficient mice demonstrate that AhR signal transduction is involved in the development of normal bone phenotype and in the manifestation of TCDD-induced bone alterations (13) . Evidence indicates that dioxins may interfere with differentiation of osteoblasts and osteoclasts in TCDD Exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin increases the activation of aryl hydrocarbon receptor and is associated with the aggressiveness of osteosarcoma MG-63 osteoblast-like cells concentrations as low as 100 fM (14) . Currently, dioxin and dioxin-like chemicals are not thought to be directly genotoxic. Their carcinogenic effect is likely the result of their tumor promoting activity produced by activation of the AhR (15) .
Osteosarcoma is the most common primary malignant bone tumor affecting children and young adolescents (16) . Composed of malignant osteoblasts producing immature bone or osteoid tissue, osteosarcomas can be subdivided histologically according to different cell forms (17) . Several risk factors have been described, including high bone turnover issue, previous bone diseases, or heritable syndromes that predispose to osteosarcoma (17, 18) . Environmental factors, such as radiation (19) , is reported to increase the risk of osteosarcoma, but other environmental alterations are not well characterized.
Therefore, in the present study, we investigated the effects of TCDD treatment on the human osteosarcoma cell line, MG-63 cells and explored the AhR, RANKL and CXCR4/CXCL12 axis expressions on MG-63 cells in response to TCDD. We propose that TCDD, a ubiquitous environmental contaminant, may be associated with the aggressiveness of osteosarcoma. The results suggest that TCDD stimulation may mediate RANKL, COX-2, PGE2 and CXCR4 axis expressions and modulate the aggressiveness of osteosarcoma. The results further reveal novel signaling paradigms and regulatory networks that expand the understanding of the complex mechanisms involved in maintaining the homeostasis of MG-63 under TCDD stimulations.
Materials and methods
MG-63 osteosarcoma cell line culture. The osteosarcoma cell line, MG-63 cell (20) , was purchased from the American Type Culture Collection (ATCC) Manassas, VA, USA, and cultivated in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS, according to the supplier's recommendations. The cells were cultured in a humidified incubator at 37˚C, using a standard mixture of 95% air and 5% CO 2 . For passage, the cells were detached with trypsin/EDTA and subsequently re-plated and maintained in culture for 2-4 days before use. At 70% confluence, the cells were treated with 0.1, 1 or 10 nM TCDD (Sigma-Aldrich, St. Louis, MO, USA) diluted in toluene, or with an equivalent volume of toluene alone (0.2% vol/vol).
Cell growth and viability assays. Cells (100 µl, 2x10 4 cells/ml) were plated in 96-well plates and allowed to attach for 24 h. The cells were then treated with 0, 0.1, 1, or 10 nM of TCDD for 24 and 72 h. The proportion of viable cells was determined by MTT assay following the manufacturer's instructions. Briefly, the cells were incubated with MTT (0.5 g/l) for 4 h. The formazan precipitate was dissolved in 200 µl dimethyl sulfoxide (DMSO) and the absorbance at 550 nm was measured with a Benchmark microplate reader. The tumor inhibitory rate was calculated as (1 -OD experimental group/OD control group) x 100%. The experiments were performed in triplicate.
Analysis of apoptosis and cell cycle arrest. Apoptosis induced by TCDD was quantified using the Annexin V-FITC Apoptosis Detection kit I (BD Biosciences, Franklin Lakes, NJ, USA). The MG-63 cells were treated with 0, 0.1, 1 or 10 nM of TCDD for 24 and 72 h, and then washed twice with cold hosphatebuffered saline (PBS) and re-suspended in 1X binding buffer at a concentration of 1x10 6 cells/ml. The solution (100 µl, 1x10 5 cells) was transferred to a 5-ml culture tube and 5 µl Annexin V-FITC and 5 µl propidium iodide (PI) were added. The cells were gently vortexed and incubated for 15 min at room temperature (25˚C) in the dark. The 1X binding buffer (400 µl) was added to each tube. Samples were analyzed by flow cytometry within 1 h. Total cell apoptosis was defined as the sum of cells in early and late apoptosis. The experiments were performed in triplicate.
Antibodies and flow cytometry study for CXCR4 expressions. Briefly, 2x10 5 cells were incubated for 10 min at 4˚C and stained with specific CXCR4 mouse anti-human monoclonal primary antibodies conjugated with FITC (cat. no. sc-12764 FITC; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) based on the manufacturer's recommendations. To measure the CXCR4 expression on MG-63 cells, data were acquired on a FACSCalibur flow cytometer (BD Biosciences) using CellQuest software (BD Biosciences). At least 10,000 cells were analyzed per sample.
Enzyme-linked immune-sorbent assay (ELISA)
. Cells 2x10 5 were treated with 0, 0.1, 1, or 10 nM of TCDD for 24 and 72 h, and then cultured in 24-well plates in medium (500 µl) for 24 h. The Prostaglandin E2 ELISA Kit (cat. no. KA4522; Abnova, Taipei, Taiwan) was used to measure PGE2 metabolites in supernatants according to the manufacturer's protocol. The CXCL12 levels were quantified by commercially available ELISA kits (cat. no. DSA00; R&D Systems, Inc., Minneapolis, MN, USA), according to the manufacturer's specifications. All samples were run in batches to minimize inter-assay variability, assayed in duplicate, and quantitated using a standard curve method.
Western blot analysis. The MG-63 cells (5x10 5 ) were plated and treated with 0, 0.1, 1, or 10 nM of TCDD for 24 h, and then lysed with a buffer composed of 50 mmol/l Tris-HCl (pH 8.0), 150 mmol/l NaCl, 0.1% Triton X-100, 0.01 g/l aprotinin, and 0.05 g/l phenylmethylsulfonyl fluoride. Protein was quantified by the Bradford method and equal amounts (30 µg) of protein were loaded and electrophoresed on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis minigel. Proteins were transferred to a polyvinylidene fluoride (PVDF) membrane and pre-blocked with casein PBS and 0.05% Tween-20 for 1 h at room temperature. The membranes were incubated with mouse monoclonal antibody against AHR (1:500; cat. no. SC-133088; Santa Cruz Biotechnology, Inc.), rabbit polyclonal antibody against COX-2 (1:1,000; cat. no. ab52237), mouse monoclonal antibody against RANKL (1:250; cat. no. ab45039) (both from Abcam, Cambridge, UK), and mouse monoclonal antibody against β-actin (1:10,000; cat. no. MAB1501; EMD Millipore, Billerica, MA, USA) incubate at 4 Celsius degree overnight. Horseradish peroxidase-conjugated goat against mouse IgG antibody (1:1,000; cat. no. AP-124P; EMD Millipore) or goat against rabbit IgG antibody (1:750; cat. no. AP-132P; EMD Millipore) were used with incubation time of 1 h at room temperature. Protein bands were visualized with enhanced chemiluminescence reagent (ECL Kit, Amersham, UK), and were then exposed to Kodar XAR film.
RT-QPCR and QPCR.
Total RNA was isolated from cells using RNeasy kits (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer's instructions. cDNA was reverse-transcribed from isolated RNA by incubating 200 ng DNase-treated RNA with the first strand synthesis kit from Advanced Biotechnologies Ltd. (Surrey, UK) following the manufacturer's instructions. The QPCR was performed in a Rotor-Gene 6000 System (Corbett Life Science; Qiagen, Inc.). The PCR mixtures contained 0.5 µM each of specific forward and reverse primers: 5'-GGC CAC ATC CGG GAC ATC ACA GA-3 (sense) and 5'-GGG GGA TGG TGA AGG GGA CGA A-3' (antisense); for cytochrome P450 1A1 (Cyp1a1); 5'-GTC AAC GGA TTT GGC GTA TT-3' (sense) and 5'-AAA GTT GTC ATG GAT GAC CTT GGC-3' (antisense) for GAPDH.
The samples were denatured at 95˚C for 10 min, followed by 30 cycles for Cyp1a1 (95˚C for 15 sec, 58˚C for 5 sec, and 72˚C for 10 sec), 30 cycles for GAPDH (95˚C for 15 sec, 58˚C for 5 sec, and 72˚C for 10 sec). Melting curves were obtained at the end of amplification by cooling the samples to 65˚C for 15 sec followed by further cooling to 40˚C for 30 sec. Data was analyzed by the standard curve method of absolute quantification method (21) using Corbett analysis software. In RT-QPCR, data was normalized with GAPDH.
Statistical analysis. The data presented were obtained from three separate experiments using cell cultures. Each experiment was performed in triplicate. One-way ANOVA (analysis of variance) for mixed design was used to compare hemodynamic values of more than two different experimental groups. If variance among groups was noted, a Bonferroni test was used to determine any significant difference between specific points within groups. The data were analyzed by Student's t-test for paired or unpaired data. For data with even or uneven variation, a Mann-Whitney U test or Wilcoxon signed rank test was used for unpaired or paired data, respectively. The GraphPad Prism (version 5.0; GraphPad Software, San Diego, CA, USA) was used for all statistical analyses. Data are presented as the mean ± standard error or the mean. Statistical significance was set at P<0.05.
Results

TCDD treatment did not affect MG-63 survival.
To test the hypothesis that TCDD treatment was not associated with survival, the MG-63 cells were treatment with toluene or 0.1, 1 or 10 nM TCDD. The viable cells were counted at 24 and 72 h later by Annexin V and PI measurements via flow-cytometry. There were no statistically significant changes before 72 h of culture (Fig. 1) . Fig. 2A) in a dose-dependent manner. This, in turn, was reported to be controlled by the ubiquitin-proteasome pathway (22) . However, TCDD treatment increased the expression of the AhR-regulated gene, Cyp1a1, after 6 and 24 h (Fig. 2B and C) , indicating that AhR pathway was responsive to TCDD and participated in DRE-mediated signaling in MG-63 cells. -2) and RANKL production. Aside from AhR activation, activated MG-63 by TCDD upregulated RANKL expression around 24 h at the protein level (Fig. 3) . This was linked to the regulation of bone resorption through the effects on osteoclasts. However, the effects were not seen after TCDD treatment for 72 h (Fig. 3C) . The COX-2 expressions were elevated at the protein level (Fig. 3B) after TCDD treatment for 24 and 72 h.
MG-63 cells expressed a functional
TCDD treatment increased cyclooxygenase-2 (COX
TCDD treatment increased prostaglandin E2 (PGE2).
To test the impact of TCDD treatment on MG-63 cells activation mediated by the COX-2/PGE2 cascade, the PGE2 level was measured by ELISA after treated with toluene, 0.1, 1 and 10 nM TCDD for 24 and 72 h (Fig. 4A ). There was a marked increase in PGE2 levels after 24 and 72 h in the presence of TCDD. Together with the elevated COX-2 level, this finding suggests that TCDD treatment may promote the activation of the COX-2/PGE2 pathways.
TCDD treatment increased CXCR4 expressions.
To determine if TCDD treatment enhanced CXCR4 expression, MG-63 cells were cultured for 6 and 24 h with toluene, 0.1, 1 and 10 nM TCDD. The CXCR4 expressions were then measured by flow cytometry (Fig. 4B) . The results demonstrated that CXCR4 expressions were upregulated in a relatively dose-dependent manner at 6 and 24 h (Fig. 4C) .
TCDD treatment did not increase CXCL12 production. CXCL12 production was measured by ELISA method, which revealed that CXCL12 production did not change between toluene-and TCDD-treated cells at 24 h (Fig. 5A ) and 72 h (Fig. 5B) . However, there were trends towards decreased production of CXCL12 when treated under 10 nM TCDD at 24 h (ratio compared to vehicle control, 0.701±0.109, P<0.05).
Effects of AhR Antagonists on TCDD induced AhR, RANKL, COX-2, PGE2, CXCR4 and CXCL12 changes in MG-63 cells.
To study whether the TCDD induced protein changes are AhR pathway related, AhR antagonist CH-223191 (10 µm, Selleckchem, Houston, USA) blocks the TCDD-mediated suppression of AhR (Fig. 6B), RANKL (Fig. 6D) , and COX-2 (Fig. 6C) expressions after treated by TCDD for 72 h. Meanwhile, CH-223191 also abrogated TCDD induced increasements of PGE2 (Fig. 7A) levels and CCR4 (Fig. 7B) expressions on MG-63 cells. However, there were no significant changes on TCDD induced CXCL12 (Fig. 7C ) expressions when treated with CH-223191. 
Discussion
The present study investigated how TCDD treatment affected the activation of the osteosarcoma cell line, MG-63 cell. Currently, there are only limited studies on the environmental impact on osteosarcoma and on osteoblast functions. Previous studies have pointed out differences in gene expression profiles of osteosarcoma cell lines and normal osteoblasts (23, 24) . However, among the currently available osteosarcoma cells lines, Saos-2 cells have the most mature osteoblastic labeling profile, while U-2 OS cells are negative for most of the investigated osteoblastic markers (25) . The MG-63 cells are the intermediate cell type in terms of differences in extracellular matrix formation. Recently, Miki et al (26) reported AhR influenced by environmental compounds, such as 3-methylcholanthrene (3-MC) and β-naphthoflavone (β-NF), could regulate estrogen synthesis and metabolism in bone tissues through cytokine/aromatase signaling based on a hFOB cell and MG-63 cell line model. These increments of AhR-target genes in MG-63 cells were inhibited by co-treatment of AhR antagonist, CH-223191. Compare to the study, we try to investigate the effect of TCDD at a lower concentration which is more physiological feasible. Our results showed that the expressions of RANKL, COX-2, PGE2 and CXCR4 were upregulated under TCDD treatment, and inhibited by co-treatment of CH-223191. Our findings further expand the knowledge on genes mediated by AhR pathway in MG-63 cell line even under low concentration of TCDD, and possibly linked to the aggressiveness in osteosarcoma.
The AhR, a ligand-activated transcriptional regulator, is ubiquitously expressed in most organs and can be activated by a structurally diverse range of chemicals (27, 28) . The best-characterized ones include a variety of environmental contaminants. Gathered evidence point to the pro-inflammatory role of TCDD via activation of the AhR pathway, and modulation of bone microarchitecture and material properties (13) . The TCDD are possible carcinogens but the risks are not closely linked to dose exposure (29, 30) . Evidence indicates that dioxins may interfere with differentiation of osteoblasts and osteoclasts in TCDD concentrations as low as 100 fM (14) . Thus, we propose that TCDD, a ubiquitous environmental contaminant, may be associated with the aggressiveness of osteosarcoma even under low concentrations of exposure.
The TCDD concentrations used in the present study were between 0-10 nM were based on the previous epidemiology study investigated on the historical event that happened on 10 July 1976, a chemical explosion in Seveso, Italy, that resulted in the highest known residential exposure to TCDD (31) . The median (interquartile range) serum TCDD concentration soon after the explosion was 73.2 (33.1-193 .0) Parts Per Trillion (ppt) for all women, and roughly equals to 0.22 (0.10-0.60) nM. In our results, TCDD treatment may the upregulation of RANKL under low concentrations (0.1 and 1 nM) at early time point, which indicates that TCDD may be associated with aggressiveness of MG-63 cells through the interaction with osteoclasts under different concentrations of TCDD exposure (32) .
In our study, the amounts of Cyclooxygenase-2 (COX-2) protein are persistently elevated at 24 and 72 h after TCDD treatment. Currently, COX-2 expression has also been established as a marker in human osteosarcoma (33) . COX-2 may mediates increased PGE2 production in bone in response to various stimuli including parathyroid hormone (PTH), mechanical strain, or inflammatory cytokines (34) . TCDD can stimulate COX-2 expression through both a nongenomic pathway or activation of the AhR pathway (35) . The alterations to COX-2 expression and the abundance of its enzymatic product PGE2 have key roles in influencing the development, progression, and metastasis potentials of cancer (36) .
PGE2 was essential both for expression of functional CXCR4 and for production of its ligand CXCL12 in cancerassociated MDSCs model (37) . The increased expression of CXCR4 may be a possible factor leading to the migration and proliferation abilities in a variety of tumors (38) . Gathered evidence support that that TCDD is involved in the regulation of CXCR4/CXCL12 axis. In a comprehensive study, Hsu et al (39) reported that TCDD downregulates CXCR4 mRNA in five of 19 cell lines tested, but also upregulates CXCR4 mRNA in seven of the cell lines tested. Variations on the CXCL12 expressions on the cell lines are also seen (39) . Using AhR antagonist, Yun et al (40) reported that TCDD induced CXCR4 in an AhR dependent manner. These findings indicate that CXCR4/CXCL12 are different mediated according to cells and microenvironments differences.
Results of our present analysis reveal that CXCR4 expression are increased after TCDD treatment in a dose response manner. Levels of CXCL12 showed the trends toward decreasing after TCDD treatment, but the differences are not statistically different. While the TCDD induced expression of COX-2, PGE2 and CXCR4 are blocked by the co-administration of AHR antagonist, CH-223191, our findings revealed that AHR pathway are involved in the regulation of COX-2, PGE2 and CXCR4.
Current evidences revealed that RANKL are considered as a possibly hopeful therapeutic target molecule for osteosarcoma patients. In a recent study, IHC results demonstrate RANKL expression was observed in the tumor element in 68% of human osteosarcoma (41) . However, the staining intensity was relatively low and only 37% of samples exhibited equal or mayor 10% RANKL positive tumor cells; moreover, RANK expression was not observed in OS tumor cells (41) . The absence of RANK expression in primary human OS cells suggests that an autocrine RANKL/RANK signaling in human OS tumor cells is not operative. However, in a wholebody Rankl deletion mouse model, Chen et al (42) provide a rationale to consider RANKL blockade for the treatment and prevention of aggressive RANKL-overexpressing OS. This finding indicates that RANKL is associated with disease prognosis. Our results demonstrate that the RANKL is increased initially at 24 h under low concentrations of TCDD, but decreased at 72 h, and are increased under the AhR antagonist CH-223191. These findings indicate that the effect of TCDD on RANKL are complicated. More comprehensive studies are needed to establish possible treatment considerations for patients with osteosarcoma.
In conclusion, our results indicate that chronic TCDD exposure on MG-63 cells may be associated with clinical aggressiveness through the upregulation of COX-2, PGE2, and CXCR4. However, the TCDD induced RANKL expressions need to be investigated under different concentration and time points. Therefore, the results of our present study did indicate that TCDD could possibly disturb MG-63 cell homeostasis by disrupting the AhR pathway. Taken together, these findings suggest that 'AhR signal therapy' should be further explored as a therapeutic option in the treatment of osteosarcoma.
